The aim of this study was to analyse the genome-wide distribution of runs of homozygosity (ROH) segments in the genome of Norik of Muran horse and to identify the regions under strong selection pressure. Overall, 25 animals genotyped by the GGP Equine70k chip were included in the study. After SNP pruning, 54479 SNPs (75.72%) covering 2.25 Gb of the autosomal genome were retained for scan of ROH segments distribution. The ROHs were present in the genome of all animals and covered in average 13.17% (295.29 Mb) of autosomal genome expressed by the SNP loci. The highest number of ROHs was identified on autosome 1 (404), while the lowest proportion of autosome residing in ROH showed ECA31 (38). The footprints of selection, characterized by SNPs with extreme frequency in ROHs across specific genomic regions, were defined by the top 0.01 percentile of signals. Overall, nine genomic regions located on seven autosomes (3, 6, 9, 11, 15, 23) were identified. The strongest signal of selection showed three autosomes ECA3, ECA9 and ECA11. The protein-coding genes located within these regions suggested that the identified footprints of selection are most likely consequences of intensive breeding for traits of interest during the grading-up process of the Norik of Muran horse.
INTRODUCTION
Modern horse breeds represents heterogeneous populations selected for specific appearance and performance traits. In general, genomic regions under strong selection pressure due to specific breeding for traits of interest display low genetic variability resulting in increase of proportion of continuous homozygous segments that are common in individuals of target population or breed. These long stretches of consecutive homozygous genotypes located in the genome are known as runs of homozygosity (ROH) (Metzger et al., 2015) . It was shown that ROH segments give insight into a populations genetic events, demographic evolution of a population over time and genetic relatedness among individuals. The frequency, size and distribution of ROH segments in the genome depends on various factors, including recombination, linkage disequilibrium, population structure, mutation rate as well as natural and artificial selection (Peripolli et al., 2017) . The analysis of ROH segments distribution in the genome can be used to estimate the level of genomic inbreeding in population or to find genomic regions under strong selection pressure that are mostly described as selection footprints. Assuming that the frequency of certain alleles increases due to positive selection the selection footprints can be valuable resource for mapping of causative mutations. Until now, the distribution of footprints of selection across genome have been reported for various species, including cattle (Kasarda et al., 2015; Kukučková et al., 2017; Gurgul et al., 2019) , goat (Brito et al., 2017) , sheep (Kim et al., 2016) , dog (Cagan and Blass, 2016) , pig (Gurgul et al., 2018) and horse (Nolte et al., 2019) .
The Norik of Muran is a unique draught horse breed named for part of the Gemer region in central southern Slovakia. The Norik of Muran belongs to the traditional horse breeds bred in Slovakia mainly due to its good character, constitution, excellent manoeuvrability, high cultural and historical value. It is used for various purposes, including sport riding, draught power as well as hippotherapy (Porter et al., 2016; Halo et al., 2018) .
The history of the Norik of Muran breed in Slovakia started in the 1950s, when a stud farm in Velka Luka near Muran was founded. One of the reasons for establishing this stud farm was the need to produce horses for forestry and the military. During the time, the breeding goal of the Norik of Muran horse has changed several times, depending on the demands on the exterior and performance traits for work in forestry and agriculture. At the beginning, the Norik of Muran was developed by crossing Hutsul breed and local heavy horses with Norik and Belgian Draught horses (Fjord, Hafling) . At the end of the 1960s, the coldblood mares from Bohemia and Moravia were imported in the Norik of Muran stud farms. In the second half of the 70 th the stallions and mares of Silesian Noriker and Hungarian Coldblood horse have been implemented in the Norik of Muran population. Since the early 1980s, only purebred Norik of Muran stallions are used in the breeding. The selection strategy applied in breeding of this breed resulted in development of multi-purpose and hard-working leisure horse with an excellent character (Halo et al., 2006) . With respect to Noric of Muran horse only several pedigree-based studies describing the state of diversity have been published (Pjontek et al., 2012; Halo et al., 2018) .
The objective of this study was to analyse the distribution of ROH segments in the genome of Norik of Muran horse and to describe the genomic regions under strong selection pressure.
MATERIALS AND METHODS
In this study overall 25 Norik of Muran horses genotyped by GGP Equine70k (71947 SNPs) chip were included. The SNP pruning was performed using PLINK v1.9 (Chang et al., 2015) to exclude i) SNPs located on sex chromosomes or markers with unknown chromosomal position, ii) all of autosomal SNPs and animals with call rate lower than 90% and iii) SNPs with minor allele frequency lower than 1% in population.
The distribution of ROH segments in the genome of Norik of Muran horse was tested by using PLINK v1.9 (Chang et al., 2015) and R package detectRUNS (Biscarini et al., 2018) . The ROH segments were defined according to Nolte et al. (2019) as follows: minimum number of SNPs in a run 15, minimum length of run 500 kb, maximum distance between consecutive SNPs in a window 1000 kb, lower density limit 1SNP per 100kb and no missing or heterozygous SNPs in a run. The detection of selection footprints was based on the assumption that the identified runs of homozygosity across the genome of Norik of Muran horse are a results of selective breeding for traits of interest defined in its breeding objectives. The footprints of selection, characterized by SNPs with extreme frequency in ROHs across specific genomic regions, were determined by the calculation of runs incidence per each SNP marker. The genome-wide occurrence of SNPs in ROH was expressed as the frequency (%) of overlapping ROH shared among animals. Genomic regions under selection were defined by the top 0.01 percentile of signals. For functional analysis, genomic regions covering footprints of selection were scanned for annotated genes in the equine reference assembly EquCab2.0 by web based tool Biomart from Ensembl database (https://www. ensembl.org/).
RESULTS AND DISCUSSION
After quality control of genotyping data, 54479 SNPs (75.72%) covering 2.25 Gb of the autosomal genome were retained for scan of ROH segments distribution. The average distance between adjacent SNP loci in the final dataset was 41.35 ± 39.39 kb. All of genotyped individuals in analysis showed genotyping rate higher than 90% and the total genotyping rate across samples and SNPs at level 98.23% was in accordance to previous studies (Kamiński et al., 2017; Nolte et al., 2019) .
The scan of ROHs distribution in the Norik of Muran horse genome showed that the ROH segments were present in the genome of all animals under consideration. The ROHs detected in this study covered 13.17% (295.29 Mb) of the autosomal genome expressed by the SNP loci. The total genome length covered by ROHs is comparable with study of Grilz-Seger et al. (2018) and Druml et al. (2018) that showed across various breeds the overall genomewide ROH coverage at level 305.1 Mb. But, the study of Grilz-Seger et al. (2019a) revealed by use of 700k genotyping array that the genome ROH coverage in Noriker horse depending on the colour variety resulting from different mating strategies.
The distribution and length of ROH segments varied across autosomes (Fig. 1) . The highest number of ROHs was identified on autosome 1 (404), while the lowest proportion of autosome residing in ROH showed ECA31 (38). The subsequent analysis of selection footprints in the genome of Norik of Muran horse resulting from the assumption that the extreme ROH frequencies are most likely consequences of intensive breeding for traits of interest during the grading-up process of the breed. The footprints of selection were defined based on the SNPs with extreme frequency in ROHs across specific genomic regions. Only top 0.1 percentile of signals were considered as reliable footprints of selection. According to this, nine genomic regions located within seven autosomes (3, 6, 9, 11, 15, 23) were identified (Fig. 2) .
The shortest genomic region was detected on ECA3 (0.03 Mb), whereas the longest region was located on ECA11 (2.25 Mb) (Tab. I). The strongest signal of selection showed three autosomes ECA3, ECA9 and ECA11 (Fig. 2) . Similar results reported for Austrian Noriker horse Grilz-Seger et al. (2019a) that identified overall seven ROH islands shared by more than 50% of the entire analysed sample. The high frequency of ROH islands on ECA11 was also found in genome of Lipizan horse (Grilz-Seger et al., 2019b) .
Various protein-coding genes are located within the identified genomic regions under selection pressure (Tab. I). Within the regions on ECA3 the CALB2, KCNIP4, SLIT2 and MIR218-1 genes were The distribution and length of ROH segments varied across autosomes (Fig. 1) . The highest 121 number of ROHs was identified on autosome 1 (404), while the lowest proportion of autosome 122 residing in ROH showed ECA31 (38). The subsequent analysis of selection footprints in the 123 genome of Norik of Muran horse resulting from the assumption that the extreme ROH 124
frequencies are most likely consequences of intensive breeding for traits of interest during the 125 grading-up process of the breed. The footprints of selection were defined based on the SNPs 126 with extreme frequency in ROHs across specific genomic regions. Only top 0.1 percentile of 127 signals were considered as reliable footprints of selection. According to this, nine genomic 128 regions located within seven autosomes (3, 6, 9, 11, 15, 23) were identified (Fig. 2) . The KCNIP4 gene, which play a role in the calcium ion binding, potassium and voltagegated ion channel activity, was significantly associated with yearling weight in Canchim beef cattle (Xia et al., 2017) . The SLIK2 gene is a neural axon guidance and chemorepellent protein that stimulates motility in a variety of cell types. In mammals, the SLIT family has a role in the proper development of the central nervous system, and organs including the lung, kidney, and mammary gland (Saunders et al., 2016) . Cerro-Herreros et al. (2018) confirmed that the MIR218-1 is one of the factors which downregulates MBNL proteins in this cell line, responsible for the neuromuscular disease myotonic dystrophy type 1. Overall seven protein-coding genes were found in a specific region on ECA9. One of this genes is the OC90 gene. In mammals and birds, the Otoconin 90 gene is a highly glycosylated protein that together with OTOL1, modulates calcite crystal morphology and growth kinetics (Wang et al., 1998) . Among others genes, e.g. the TMEM71 was associated with increasing grades of glioma in humans (Wang et al., 2019) .
Within the regions on ECA11 sequences of 23 genes were found. From these, the TMEM100 gene was in mice associated with embryonic lethality due to impaired differentiation of arterial endothelium and defects of vascular morphogenesis (Somekawa et al., 2012) . The NOG gene has been suggested to be critical for normal bone and joint development. The human noggin protein encoded by NOG gene binds to bone morphogenetic protein (BMP) of the transforming growth factor-β superfamily and prevents its binding to the cognate receptor (Takano et al., 2016) . The TRIM25 gene encodes the E3 ubiquitin ligase enzyme that is involved in various cellular processes, including regulation of the innate immune response against viruses (Martín-Vicente et al., 2017) .
On the ECA15 directly in the region showing signal of selection, the CAPN13 and CAPN14 genes are located. Both of these genes are members of calpains family that are involved in a variety of regulatory processes, including cytoskeletal dynamics, cell-cycle progression, signal transduction, gene expression, and apoptosis. Both CAPN13 and CAPN14 are derived from a single classical calpain present in the jawed vertebrate ancestor. In domesticated animals the CAPN14 orthologues share 76% to 88% identity with the human protein; homology of human CAPN14 to other mammals and birds, reptiles, and frogs is 61% to 77% and 44% to 61%, respectively (Litosh et al., 2017) . 
CONCLUSION
The analysis of selection footprints revealed totally nine genomic regions significantly affected by positive selection. The shortest genomic region was detected on ECA3, whereas the longest region was located on ECA11. The ROH segments shared by more than 70% of the entire analysed sample was found on ECA3, ECA9 and ECA11. Based on the subsequent functional analysis overall 59 proteincoding genes were identified. The biological role of those genes suggested that the identified footprints of selection are most likely consequences of intensive breeding for traits of interest during the grading-up process of the Norik of Muran horse. Assuming that the frequency of certain alleles increases due to positive selection, the SNP markers located in regions strongly affected by selection can be valuable resource for future mapping of causative mutations important for adaptive and performance traits in horses.
